The class of compounds known as the all-benzenoid polycyclic aromatic hydrocarbons (ABPAHs) are treated with time-dependent density functional theory (TDDFT) and a modified Hückel theory to determine how large an ABPAH must be before it is found to absorb strongly in the visible region that corresponds to the bluest of the diffuse interstellar bands (DIBs). The first six ABPAHs are treated with TDDFT using the B3LYP functional to determine their excitation energies. A two-parameter Hückel theory is adopted to deal with those systems too large to be addressed with TDDFT. The transitions are calculated and fitted to experimental data. An ABPAH system with 84 carbons and 14 all-benzenoid rings is found to be the first carrier to absorb strongly in the region where DIBs are observed.
I N T RO D U C T I O N
The class of molecules referred to as polycyclic aromatic hydrocarbons (PAHs) have emerged as the favoured carriers in explaining the unidentified infrared bands (UIR bands), a series of micrometre emission features emanating from a variety of interstellar objects and from low-density regions of the interstellar medium (ISM) (Geballe et al. 1985; Boersma, Hony & Tielens 2006) . In particular, those bands at 3. 3, 6.2, 7.7, 8.6 and 11.2 μm have been found to correspond to some of the vibrational modes of these PAH molecules with the most promising feature at 3.3 μm corresponding to the aromatic C-H stretching mode ubiquitous in this large molecular family (Allamandola, Tielens & Barker 1985) .
PAHs are also suspected to account for some of the 300 absorption features between 400 and 970 nm that are present in the diffuse interstellar medium (DISM), known collectively as the diffuse interstellar bands (DIBs) (Snow et al. 1998) . Their conjectured extensive presence throughout the DISM (as evidenced by the UIR band features) and the fact that they are able to absorb light in the visible region promote members of the PAH family as potential carriers for the DIBs. Further evidence for their presence in interstellar environments is related to their composition and stability. PAHs are carbonaceous and they are relatively stable.
Carbon column density investigations indicate a cosmic carbon abundance of approximately 225 ± 50 carbons per 10 6 H atoms (Snow & Witt 1995) . PAHs are essentially fused 'benzene rings' and so are composed almost entirely of carbon but for their hydrogenated edges. This constitution may contribute to the missing carbon that one must account for after factoring out the carbon bound within E-mail: t.schmidt@chem.usyd.edu.au known interstellar species such as CO, C 2 and C 3 , given the proposed abundance. In any case, their presence in the ISM is possible at least in so far as their existence does not overdraw the carbon budget (Joblin, Léger & Martin 1992) .
It has been suggested that PAHs need to be sufficiently large to survive the extreme conditions of the ISM (Leger & Puget 1984) . Leger & d' Hendecourt have suggested that species must contain no fewer than 15 atoms if they are to avoid photo-thermolysis (Leger & d'Hendecourt 1985) . Le Page, Snow & Bierbaum (2003) make similar conclusions: that PAHs with fewer than about 20 carbon atoms are destroyed in most interstellar environments, PAHs with 20-30 carbon atoms are mostly dehydrogenated in the ISM, and larger PAHs can survive the harsh interstellar conditions.
However, there exists a special class of PAHs the stability of which comes not from the spatial extent of its members but instead from their unique electronic structure. Benzenoids whose π-electrons reside only in total resonant sextets separated by 'single' bonds are referred to as 'all-benzenoid' PAHs (ABPAHs) (Gutman & Babić 1991) . These ABPAHs exhibit greater thermodynamic stability, larger highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gaps and higher ionization potentials than their non-all-benzenoid counterparts (Clar & Schmidt 1975) . The stable nature of the ABPAHs isolates a class of this hydrocarbon family that could provide an elegant solution to the DIB problem. For if we were to suppose the PAH family as a potential carrier, we would need to study over 20 000 combinatorial possibilities of those PAHs with four to 10 fused benzene rings alone. Selecting only the all-benzenoid arrangements limits this list to just 17 possibilities (Tomović 2004; Dias 2004a) .
Attempts by E. Clar in the late 1950s to isolate their spectra have been limited to the solution phase (Clar & Zander 1958; Clar & Schmidt 1959 effects in these studies, gas-phase spectra are crucial in order to assign ABPAHs conclusively to any DIBs. There now exist a variety of techniques that allow us to place these species in the gas phase and subsequently probe their spectroscopic properties with laser-based techniques. For smaller PAHs it is possible to pre-heat a pulsed nozzle source to reach a high enough vapour pressure of the PAH prior to supersonic expansion (Romanini et al. 1999; Tan & Salama 2005a,b) . Laser ablation has been shown to be effective in placing larger species in the gas phase (Smalley 1992; Simpson et al. 2002) .
However, an initial theoretical treatment of those compounds of interest allows us to train our experimental methodology better. Furthermore, the synthesis of these uniquely stable species proves to be quite challenging, where harsh conditions are required, thus currently restricting the compounds available for spectroscopic analysis. ABPAHs with 42 carbons, or seven all-benzenoid rings, are the upper limit of Clar's study (but see Simpson et al. 2002) .
In the present investigation we seek to determine how large an ABPAH must be before it is able to absorb visible light strongly and therefore able to be assigned to a DIB. This study is performed with the aim of directing experimentation rather than acting as a substitute to it. The ABPAH series presented in Fig. 1 was treated with time-dependant density functional theory (TDDFT) to the brink of our current capability, after which a two-parameter Hückel theory was adapted to predict the absorption positions of the much larger ABPAH species.
C O M P U TAT I O NA L A N D T H E O R E T I C A L M E T H O D O L O G Y
The first eight ABPAH neutrals [triphenylene (I), dibenzopyrene (II), tribenzoperylene (IIIa), tetrabenzanthracene (IIIb), tetrabenzanthanthrene (IVa), tetrabenzopentacene (IVb), tetrabenzoterylene (Va) and tetrabenzoheptacene (Vb) (see Fig. 1 )] were treated with Kohn-Sham density functional theory (DFT) to optimize their ground-state geometries before a ground-state harmonic frequency analysis. These DFT calculations were carried out using the Becke3 (B3) exchange integral (Becke 1993 ) and the Lee Yang Parr (LYP) correlation functional (Lee, Yang & Parr 1988 ) with a 6-31G(d,p) basis set.
The first 15 electronic excitation frequencies and their oscillator strengths of these same ABPAHs were calculated using TDDFT with a 6-31G basis set with the GAUSSIAN 03 package (Frisch et al. 2004) . While TDDFT has previously been shown to deal poorly with some extended π-systems, its success with large PAHs is evident in this study and others (Halasinski et al. 2003; Kokkin & Schmidt 2006) .
Our failure to optimize the geometries of those ABPAHs with more than seven all-benzenoid rings (hexa-peri-benzocoronene also failed) led us to develop a modified Hückel model that allowed the prediction of the excitation energies of arbitrarily large ABPAHs. The two parameters in our Hückel model correspond to the resonance integrals across bonds that are part of an aromatic sextet, denoted ζ , and the bonds that connect these aromatic sextets, denoted γ (see Fig. 2 ). Matrices describing the respective geometries of ABPAHs with as many as 37 all-benzenoid rings and 222 carbons (see Fig. 3 ) were produced and diagonalized to determine the frontier orbital energies. The isomers with the most highly condensed form were selected on account of their higher stability and greater likelihood of formation (Dias 2004b) . Previous spectroscopic analyses of PAHs reveal signature band structures that are red shifted with increasing size. These signature absorptions have been classified such that the most intense peaks are denoted the β bands and cascading to the red with less intensity are the para, or p bands, and the α bands (Dias 1987) . The ζ and γ parameters were honed by fitting the first seven ABPAHs to the experimental β transitions as determined by the solvent-corrected solution-phase spectroscopy carried out by Clar & Schmidt (1959) .
R E S U LT S A N D D I S C U S S I O N
The success of the geometry optimizations was evidenced with the outcome of real and positive harmonic vibrational frequencies for the planar structures of all of the ABPAHs studied except hexa-peribenzocoronene which failed to converge.
Similarly, the bond lengths emerged, as expected, where those bonds labelled ζ in Fig. 2 , within an aromatic sextet, consistently averaged 1.40 Å and were always shorter than those between aromatic sextets (labelled γ ), which ranged between 1.44 and 1.47 Å depending on the proximity of the bond to the periphery, such that the bonds on the outskirts were slightly longer. This result is consistent with the electronic picture described by Clar Theory and confirmed by numerous theoretical approaches (Soncini et al. 2003; Gutman et al. 2005) . The decay of bond length alternation towards the centre of a conjugated π-system has been observed in one-dimensional polyacetylene chains (Pino et al. 2001 ) and in linear PAH radicals (Kokkin & Schmidt 2006) . All-benzenoid hydrocarbons L43 Figure 3 . Those PAH structures with between three and 37 all-benzenoid rings treated with our modified Hückel theory. The emboldened structure is calculated to be the first to strongly absorb in the visible part of the spectrum (see text).
Excitation energies by TDDFT
β (greatest intensity) transitions determined by experiment. These results are summarized in Fig. 4 . In the case of I and II, the calculated and experimental excitation energies corresponded with one another to the nanometre. As the systems increased in size, a greater divergence from experimental values was noticed. However, even the largest converged systems IVa and IVb presented a mere 6-and 11-nm respective discrepancy with experimental results. Inspection of the one-electron transitions which gave rise to the overall excited state characters revealed that the β bands are due to transitions between the second-highest occupied molecular orbital and the lowest unoccupied orbital (SHOMO-LUMO) and between the highest occupied molecular orbital and the second lowest unoccupied molecular orbital (HOMO-SLUMO). This point was borne in mind when fitting the Hückel electronic structures to the experimentally observed β bands.
It should be emphasized that there exists only limited spectral information about these compounds. All spectral data used were obtained from species in solution. While solvent corrections were applied, the actual effects of any solvent on a compound are intricately determined by the interactions between the oscillating dipole brought about by electrons in the molecule, and the damping effect of electrons in the solvent molecules. The determination of true sol- vent effects relies on comparative studies with gas-phase spectra. It is the interest of our laboratory to obtain gas-phase spectra of these systems.
DFT optimization, harmonic frequency and TDDFT excitation energy calculations were not possible for systems containing more than six all-benzenoid rings. While the geometries of the species Va and Vb were able to be optimized after much coaxing, the corresponding TDDFT calculations failed despite persistent efforts.
Attempts at obtaining excitation frequencies with a lesser basis set were considered. However, the ABPAHs with up to seven all-benzenoid rings still exhibit excitation frequencies significantly below the visible threshold necessary to accord to a DIB, and so it is doubtful that even a lesser basis set could be used to model a system large enough to be considered a candidate. Given this limitation, our two-parameter Hückel theory was implemented to determine the size required to break the visible threshold.
Excitation energies from a parametrized Hückel theory
The predicted β band positions of the ABPAHs illustrated in Fig. 3 are plotted in Fig. 5 . The β band positions are seen to shift smoothly to the red with increasing system size, as expected. Our modified Hückel treatment revealed that an ABPAH with at least 84 carbons and 14 all-benzenoid rings is required before the β transition is found to occur in the visible region corresponding to the bluest of the DIBs (see Fig. 5 ). This corresponds to the ABPAH emboldened in Fig. 3 . The transition of interest lies at 2.95 eV or ∼420 nm which corresponds the region where we begin to observe the DIBs (Herbig 1995) . This prediction is based on fitting the SHOMO-LUMO and HOMO-SLUMO transition energies to the experimentally observed β bands (as guided by DFT). Clearly, the size at which this model predicts that an ABPAH will begin to absorb visible light depends crucially on the parameters selected. However, fitting the β band transitions to the HOMO-LUMO energy difference was found to yield the same result: ABPAH β bands do not appear in the DIB region until they possess at least 14 aromatic sextets. This result suggests that our Hückel model is robust. From fitting, the intra-benzenoid resonance integral, ζ , optimized to a value of 3.40 eV, while the inter-benzenoid resonance integral, γ , optimized to a value of 2.88 eV, which is lower but similar to ζ , as expected. ABPAH transitions are blueshifted relative to other PAHs of similar size because of the isolated nature of the benzenoid rings. The observed decay of bond length alternation towards the centre of these molecules suggests that the Hückel model may be taken as an upper limit of excitation frequency and it is possible that smaller ABPAHs than the 14 ring species posited here may strongly absorb in the DIB region.
Judgment regarding the success of this model ultimately depends on comparative analysis with gas-phase experimental data pertaining to the transitions of interest. Given the relatively recent success of organic chemists in synthesizing these large and stable species (Watson, Fechtenkötter & Müllen 2001; Simpson et al. 2002; Grimsdale & Müllen 2005) , their future analysis by experiment is certainly possible.
That ABPAH transitions are blueshifted relative to other PAHs suggests that these systems may be implicated in the blue luminescence (BL) observed in the Red Rectangle (Vijh & Gordon 2004 ) and other objects (Vijh & Gordon 2005b) . The BL reported by Vijh & Gordon (2004) is centred at 378 nm with a width of 45 nm. It is attributed by Vijh & Gordon (2004) to anthracene and pyrene, but, as Figs 5 and 4 indicate, a much larger ABPAH could also be responsible.
C O N C L U S I O N S A N D F U T U R E W O R K
The β bands for a range of the ABPAHs have been investigated. Excellent correlation with experimental results was found for the first six ABPAHs using TDDFT, thus affirming the success of TDDFT on these types of polycyclic π-systems. However, the same calculations failed for systems with more than 36 carbon atoms.
An adapted Hückel theory revealed that ABPAH systems need to comprise at least 14 aromatic sextets before they begin to absorb strongly in the region corresponding to DIBs. The excellent correspondence to experiment of those first six ABPAH species and the success of DFT in describing the strong transitions support the predicted absorptions of the larger systems.
There also exist the signature p and α bands which respectively absorb further towards the red. The p bands, which exhibit comparable intensity, will provide a band feature that absorbs in the appropriate region for DIB correspondence at smaller molecular sizes. However, our initial TDDFT studies reveal that these transitions arise through complicated configuration interaction effects which are explicitly ignored in Hückel theory. It is our intention to move our ABPAH study to the laboratory where we will investigate the gas-phase spectroscopy of large ABPAH systems.
